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Abstract.
Galaxies at z & 6 represent an important evolutionary link between the first galaxies and their
modern counterparts. Modeling both the global and internal properties of these recently discovered
objects can lead us to understand how they relate to even earlier systems. I show how the balance of
cold inflows and momentum-driven super-winds can explain the evolution of the UV mass-to-light
ratio from z ∼ 6–10. I then describe a model for maintaining hydrostatic equilibrium and marginal
Toomre-instability by radiation pressure in dust-free galactic disks. Applying this framework to
z ∼ 6–8 systems, I show how the internal ISM physics can be constrained by X-rays observations
with Chandra.
Keywords: cosmology: theory, galaxies: high-redshift, Galaxy: evolution, intergalactic medium,
stars: formation
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INTRODUCTION
Observations with WFC3 have recently discovered large sample of galaxy candidates
out to z∼ 10 using the Lyman-break technique [e.g., 1, 2, 3, 4]. These systems represent
an important evolutionary link between the earliest collections of stars and gas into dark
matter halos and the more modern incarnations of the last ten billion years. Progress in
modeling the physics of z & 6 galaxies is intimately related to the state of observations.
Samples with hundreds of such systems has already allowed quite a bit of success in
understanding their global and ensemble properties, such as their luminosity functions
[e.g., 5, 6]. As an illustration of this, I describes agreement between fits of the observed
luminosity function and a simple model of galactic inflow and outflow in predicting the
redshift evolution of the UV mass-to-light ratio. On the other hand, the limited spacial
resolution of the observations [13] as well as the difficulties inherent in obtaining spectra
of these extremely faint objects has made a relative mystery of their internal properties.
To begin to rectify this deficiency on the theoretical side, I present a new model for the
maintenance of hydrostatic equilibrium and marginal Toomre-instability in high-redshift
disks by radiation pressure that describes their interstellar media, the growth of their
central black holes, and the mechanisms that transport angular momentum. Ultimately,
understanding this physics will reveal whether z∼ 6–10 are more similar to their z∼ 2–3
analogs or to their as yet unknown precursors at z∼ 10–20.
FIGURE 1. The evolution in L10, the average UV luminosity of 1010 M⊙ halos, from z ∼ 6–10. The
points and upper limits show fits to the observed luminosity function using the model of [5]. The dashed
curve shows a simple extrapolation between the points at z ∼ 6 and 8, while the solid curves show the
predictions from Eq. 1 for η0 = 1, 4, and 6. Figure is from [6].
EVOLUTION OF THE MASS-TO-LIGHT RATIO
While the strong luminosity function evolution from z ∼ 4–10 can be primarily seen
as an expression of the behavior of the dark matter halo mass function [5], it is clear
that there exists a residual change in the average mass-to-light ratio. Figure 1 shows the
increase in mean UV luminosity at fixed halo mass from z ∼ 6–8 after the changing
halo abundance has been removed [6]. However, the trend clearly does not extend out
to z ∼ 10 where the paucity of observed galaxies places strong upper limits on the
average brightness. Since describing early galaxies in terms of the inflow and outflow
processes that have been explored at lower redshifts is a important way of understanding
the evolution of galaxy formation throughout cosmic time, we attempt to calculate the
average UV luminosity as a function of halo mass and redshift by balancing cold-
flow accretion [14, 15] with star formation and momentum driven outflows [16] in
equilibrium [17]. The resulting luminosity is given by [6]
L1500 =
AMcf
1+ηw
, (1)
where Mcf is the average cold-flow accretion rate as a function of halo mass and redshift,
and we have assumed a constant conversion factor, A, between star formation rate and the
luminosity at 1500 Å. A ≈ 8×1027 erg/s/(M⊙/yr) for a Salpeter initial mass function
at solar metallicity [18]. We further parameterize the wind mass-loading factor, ηw, as
ηw = η0
100km/s
σ
, (2)
where σ is the halo velocity dispersion as a function of mass and redshift [19]. Figure
1 shows that this description of the evolving mass-to-light ratio accurately predicts that
FIGURE 2. The average X-ray luminosity from the stacked samples of z ∼ 6, 7, and 8 galaxies
described by [23]. The horizontal line shows the observed upper limits, while the labeled bands show
the expectations from high-mass X-ray binaries. The left panel shows our model predictions in a linear
spiral wave scenario with solid and dotted lines denoting results for m = 0.2 and m = 1, respectively. In
the right panel, short-dashed, long-dashed, and dot-dashed lines show results for a nonlinear infall model
with β = 0.001, 0.01, and 0.1, respectively. In both panels, thin lines assume a conservative amount of
disk obscuration, while results in thick lines assume no obscuration. Figure is from [22].
obtained from fitting the observed luminosity function for a value of η0 ≈ 4 when 0.18
dex of dust extinction is applied to the point at z ∼ 6. The need for these “super-winds"
is consistent with results from numerical simulations at all times [20].
ANGULAR MOMENTUM TRANSPORT AND AGN FUELING
In the dense interstellar media of z∼ 2 starbursts, the hot medium of supernova remnants
is a negligible component of the pressure equilibrium [21]. Rather, radiation pressure
from starlight, as well as mechanical pressure from supernova blast waves, generate the
turbulence required to balance hydrostatic equilibrium and maintain marginal Toomre-
instability (i.e. Q ∼ 1). This sets the star formation rate as a function of galactic radius
independent of the formation micro-physics. Despite their much lower star formation
rate densities, the environments of z& 6 galaxies are also extremely dense. Thus, in [22],
we adopt this formalism to describe their interiors. However, because of the inferred
lack of dust extinction in these very high-redshift systems, we assume that the radiation
pressure is due to photo-ionizations on neutral hydrogen and ignore the effect of IR
photon trapping among dust grains. After accreting onto the galaxy at the cold-flow rate
[15], gas is transported toward the center of the disk. Along the way, the flow is depleted
by star formation and momentum-driven super-winds with η0 = 4. The remaining gas
is accreted onto the central black hole and powers an active galactic nucleus with a
radiative efficiency of ∼ 10%. The more slowly the gas is transported, the more star
formation and outflows diminish the amount available to fuel the black hole. Using a
template spectrum extrapolated from lower redshift, we calculate the X-ray luminosity
of the stacked samples of Lyman-break galaxies at z ∼ 6, 7, and 8 observed by [23]
for different phenomenological models of angular momentum transport models in the
disk: either for a linear spiral wave (LSW) model where the infall velocity is a constant
fraction, m, of the local sounds speed or a non-linear, shocked infall model where the
infall velocity is a constant fraction β of the local circular velocity. Figure 2 compares
these results (in both an obscured and un-obscured case) to recent limits by [23] and to
the expected emission from high-mass X-ray binaries. Observations already rule out a
shocked infall scenario in which β = 0.1 and the resulting X-ray emission is un-obscured
by the galactic disk. Deeper X-ray observations and larger sample sizes will soon probe
the more reasonable range of parameters space and reveal insights into the inner natures
of these early galaxies.
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